Detection of changes in a visual scene can be substantially delayed when the original and the modi®ed image are separated by a brief screen¯icker. We used this phenomenon of`change blindness' to ®nd when the brain detects the mismatch in relation to when the observer reports it, and whether changes in identity and position are processed similarly. Event-related brain potentials (ERPs) recorded while the subjects searched for the change in alternating series of images showed that the epoch during which they indicated detection was characterized by a marked positivity from 300 to 700 ms. Analysis of data from image presentations preceding the subjects' response revealed a similar but smaller ERP positivity one (identity) or even two (position) epochs before detection. As each epoch lasted 1500 ms, the brain may register a change as early as 3000 ms before the observer.
Introduction
When do we become conscious of an event? Data from Libet et al., (1967) indicate that for a single event, minimum time-to-consciousness is about 100 ms and may increase to several hundred ms when stimulus intensity is low. The time we require to detect a target may increase dramatically when the target is not an isolated feature but is hidden among other suf®ciently similar distractors in a spatial array (visuospatial search, see Treisman & Gelade, 1980) . Then, processing time increases with task complexity and the number of distractors, indicating that focal attention deployed to the target is required for detection.
In a modi®ed version of a visual search task, two complex images, one different from the other with respect to one item, are presented in alternation, separated by a blank screen. Under such conditions, observers may require several seconds to detect the change, or even fail altogether within a ®nite series of presentations. This`change blindness ' (Rensink et al., 1997; Simons & Levin, 1997) occurs even though (i) the images may each be presented for as long as 1000 ms or more, with interstimulus intervals > 100 ms ; (ii) the observer explictly looks for a change and (iii) the changes themselves are salient and easy to detect when the screen¯icker between the images is omitted. This transient blindness to changes is induced by global (e.g. screen¯icker) as well as local (e.g. mudsplashes, see, O'Regan et al., 1999) retinal transients. Apparently, both types mask the change and prevent its preattentive detection, so that attention has to be serially deployed to and kept upon the items for a cycle of presentations (Rensink et al., 1997; Simons & Levin, 1997; .
Whereas the necessity of focused attention is undisputed, it is uncertain whether it is deployed exclusively in a top±down or bottom±up mode. If it was top±down, change detection should depend on the voluntary systematic alignment of the attentional focus (Folk et al., 1992) , and always be overt. Recent psychophysical studies showing that the localization of a change did not precede the explicit report support this hypothesis (Mitroff & Simons, 2001) . If in contrast the change itself draws attention to its position, a bottom±up mismatch detection process (Yantis & Jonides, 1984; Wolfe & Bennett, 1997) could in¯uence the visual search. Such a process could serve as a basis for implicit change detection, such as reported by Fernandez-Duque & Thornton (2000) who found their subjects' forced-choice performance to exceed chance level even if presentation was limited to one cycle of stimuli to prevent controlled visual search.
To shed light on the mediation of change detection, and to learn whether changes in item identity and position are processed in a similar fashion even though different neuronal systems are involved in object recognition and localization (Ungerleider & Haxby, 1994) , we recorded event-related brain potentials (ERPs) during visual search in a change blindness paradigm. With their high temporal resolution, ERPs can provide evidence as to whether and to what extent the brain detects the mismatch before the observer. Were attention deployed exclusively in a top±down mode, requiring consecutive comparison of elements over image alternation, the mismatch ought to be detected soon after the new image is presented (in period T), and the ERP-change associated with detection should be restricted to the image during whose presentation detection is reported. If in contrast the change drew attention to its position and facilitated search, ERP-changes would not necessarily be observed only during period T, but could occur earlier, lengthening the latency between the responses of the brain and the observer.
In addition, the latency and polarity of the ERPs provide clues as to whether controlled or automatic sensory or cognitive processes are involved (e.g. Deacon et al. 2000; Viggiano & Kutas, 2000) .
Materials and methods
Data were obtained in 14 normal subjects aged between 18 and 42 (eight female, six male). Data from two subjects had to be discarded because of eye movement artefacts. All subjects were naive with respect to the purpose of the study.
Stimuli were arrays of 10 alphanumeric symbols differing in font and size (see Fig. 1A ). At a viewing distance of 150 cm, the arrays subtended 6.5°Q 6.5°of visual angle, with symbols of 0.3°to 0.6°. The black symbols appeared on a light-grey background (45 cd/m 2 ), which was held constant during the intervening blank period. Sixty different original images (A) were paired with a partner in which the identity (AI) or the position (AP) of one character was altered. Identity changes (A±AI) affected the character of the item (e.g.`b' ® f') but not its font or size; for position changes (A±AP) the item was displaced by 0.4°in horizontal or vertical direction. As a control, trials without any change (A±A) were given. Stimuli were presented on a PC monitor (Eizo T560, refresh rate 70 Hz). NESU (New Experimental SetUp, Max Planck Institute Nijmegen, The Netherlands, 1999) was used for image sequencing and recording of the subject's response. In order to induce change blindness, the original and modi®ed images (A±AI, A±AP) were presented in alternation, separated by a blank grey ®eld of the same size which appeared for 200 ms (`blank'). Each image was presented for 1500 ms, so that each`cycle' ± de®ned as the presentation of a stimulus pair and including the blanks (see Fig. 1B ) ± lasted 3400 ms. Five cycles (10 images) were presented in each trial in a continuous series, unless the observer's response terminated the trial (see below). In the control condition, ®ve cycles of the original image (A±A), also separated by a blank grey ®eld, were presented in the same fashion.
Subjects received 60 trials per experimental condition (A±A, A± AI, A±AP) in the¯icker mode, with trials presented in randomized fashion. Each trial started with 2±3 cycles of the original image (A± A), followed directly by the experimental and control conditons without a delay (e.g. A±A±A±A±AP±A±AP±A¼). Throughout the presentations, subjects were free to scan the display with their eyes. Their primary task was to press a response button as soon as they noticed a change. In order to encourage an immediate response and prevent controlled rechecking, this initial response did not require the identi®cation of the mismatch. Another cycle was given before the subjects were to indicate the type of change which they did faultlessly. The next trial started 3 s after the identi®cation.
To assess the possibility that the subjects' con®dence gradually grew before they indicated detection even though we explicitly instructed them to respond immediately, we presented a subset of 60 trials, 20 per condition (A±A, A±AI, A±AP) to another eight subjects (four male, four female) in a control experiment. Conditions were as before, but the observers were asked to press the left of two buttons on the response box as soon as they felt or sensed the presence of a change. The button was to be released when the sensing disappeared, or the changing item was detected. Immediately upon detection, the
FIG. 1. (A)
Example of stimuli used in the experiment. Black alphanumeric symbols were randomly displayed on a light grey background (6.5°Q 6.5°). For each original image (A) two modi®ed images were constructed in which either the identity (AI) or the position (AP) of a single element was altered. In the control condition, only the original image was presented repeatedly (A±A). (B) On each trial, two images (one original and one modi®ed) were presented in alternation for a maximum of ®ve cycles. Each presentation lasted 1500 ms followed by a blank grey screen appearing for 200 ms, resulting in 3400 ms per cycle. EEG recording was triggered by the onset of the blank grey screen (`¯icker'), that is 200 ms before image onset.
right button was to be pressed. The duration and frequency of these responses was analysed separately for the three conditions, and compared for signi®cant differences using paired t-tests.
While the subjects performed the main test, EEG and eye movements (VEOG, HEOG) were recorded with a bandpass between 0.3±40 Hz, and a sample rate of 250 Hz (BSCOPE ampli®ers, Regensburg, Germany). Eight electrodes (silver±silver chloride) were located according to the International 10/20 system at frontal (Fz), central (Cz), parietal (P3, Pz, P4), and occipito-temporal (T5, Oz, T6) sites. Active electrodes were referenced to linked mastoids. EEG epochs were recorded time-locked to the onset of each presentation at the eight active electrode sites. Trials containing muscle artefacts or eye movements exceeding 6°were excluded. For each subject ERP traces were averaged separately for experimental condition, temporal frame position and electrode position. Subject's data were discarded when an insuf®cient number of artefact-free single trials could be recorded (< 20 single trials per average). Mean amplitude of the resulting ERP waves was computed for successive windows of 100 ms length each. Analysis of variance was used to test for statistical differences in the consecutive temporal epochs, and contained the factors`Type of Change' (A±A vs. A±AI, A±A vs. A±AP, and A±AI vs. A±AP) and`Electrode Site'. Amplitude values were z-transformed to test for topographical differences. The Greenhouse±Geisser correction factor was applied if indicated by a Mauchly test for sphericity.
Results

Behaviour
The observers required a mean of 4.10 stimulus presentations to detect the mismatch (position and identity changes grouped). Detection time measured from the onset of the ®rst changed image was signi®cantly shorter for position than identity changes (mean, 4887 ms vs. 5590 ms, t 11 = 2.534, P = 0.028). The difference between the two experimental conditions was also re¯ected in the cumulative frequency of an overt response with increasing number of presentations (Fig. 2) . Furthermore, the probability of missing a mismatch entirely during the ®ve cycles was higher for identity changes (mean/identity = 16% vs. mean/position = 11% misses, t 11 = 2.487, P = 0.030). Generally, correct detection occurred more frequently during the ®rst rather than last ®ve image presentations; again, this probability was higher for position than identity changes (identity, 77.4%; position, 83.6%). False positives, here de®ned as the erroneous reaction in a control trial (A±A), were rare at 1%.
Having completed the tests, the subjects reported that they detected the changes suddenly. Our behavioural control experiment with eight different subjects, aimed at learning whether some feeling preceded the detection response, showed that the overall frequency of sensing in the experimental conditions A±AI and A±AP was 29.4% (Table 1 , see conditions`sensing at T',`T±1',`T±2',`T±n' for A±AI and A± AP). In the majority of these cases, the detection followed the sensing response during the same (9.9%,`sensing at T' for A±AI and A±AP), or the following image presentation (16.2%,`sensing at T±1' for A± AI and A±AP). Longer sensing responses were obtained rarely (3.3%), and occurred with the same frequency in the absence of any change (A±A, 4.4%). Although sudden detection was most common (71%,`no sensing' for A±AI and A±AP), the probability of sensing a change at the same time as detecting it was signi®cantly higher for position (`sensing at T',`T±1',`T±2' and`T±n') than identity changes (34.4% vs. 24.4%, P = 0.015). At T±1 and T±2, respectively, the frequency that the button was kept pressed to indicate sensing was not signi®cantly different.
Electrophysiology
ERPs recorded on trials in which the observer correctly detected the mismatch were averaged backwards from the onset of the presentation during which the button was pressed. Traces elicited bỳ position' and`identity changes' were compared to their timematched counterparts from the control condition in which no change FIG. 2. Mean cumulative frequency of the overt response plotted as a function of ascending stimulus presentations. From the ®rst to the last modi®ed picture, position changes are more likely to be detected. The difference from identity changes remains consistent up to the ®nal presentation (image no. 10). For both types of change, hit probability levelsout during the ®nal four presentations. Probability of false positives remains negligible during the entire sequence. Probability of`change sensing' prior to overt reaction. Subjects (n = 8) were instructed to indicate the sensing of a change by continuously pressing the left hand button. Localization of the changing element was indicated by pressing the right button. Responses were analysed according to the type of change (identity, position), and the temporal delay between sensing and detection (T, frame of detection; T±1, one image before detection; T±2, two images before detection and T±n, more than two images before detection). *t-test t(7) = 3.22, P = 0.015 for identity vs. position. Standard deviations are given in parentheses.
was given (Fig. 3) . In general, ERP traces triggered by an image onset were characterized by a negativity peaking at about 100 ms released by a large positive de¯ection around 200 ms following image onset. In the epoch aligned to the onset of the presentation during which the mismatch was spotted (T) the positive shift was extended and reached a maximum amplitude difference of 12 mV at 400 ms after image onset; hereafter, the potential returned to baseline level. The difference from the control condition seen in the T T T FIG. 3. Grand average ERPs (n = 12 subjects, electrode position PZ) recorded during the presentation in which the button was pressed to indicate change detection (T), and preceding presentations (T±1, T±2). The bottom row refers to ERPs evoked by the presentation of the ®rst change. Effects of identity (A±AI) and position (A±AP) changes (solid lines) are contrasted with control condition ERPs (A±A, dotted lines) recorded when no change occurred. The latter are individually matched for the position in the sequence to account for the overall changes over time shown in Fig. 3 . Explicit change detection elicited an outstanding positive shift from 200 to 800 ms. Processing of the local change was found in the immediately preceding presentations (T±1) for both types of local changes, re¯ected in a more positive-going ERP wave at about 600 ms. At T±2, a change in item position still evoked a signi®cant but smaller positive shift, while no effect was seen for identity changes. First change and control ERPs did not differ statistically. Periods of signi®cant differences (P < 0.05, ANOVA) are indicated by a grey bar. mean signal amplitude 200±800 ms after image onset was most pronounced at central and parietal leads (main effect/identity change, P < 0.003 between 200 and 800 ms; main effect/position change, P < 0.003 between 200 and 700 ms). A direct comparison between identity and position changes revealed no signi®cant differences in amplitude, latency and topography of this ERP positivity. We assume that it falls into the class of potentials labelled P300, P3b, or late positive complex, typically elicited by binary decisions, recognition, and identi®cation judgements (Donchin & Coles, 1988) . Visually evoked components with an earlier latency were not affected by mismatch detection.
ERPs evoked by the presentation immediately preceding the overt response (T±1) differed from those recorded during the time-matched control image presentation in that both position and identity changes elicited a more positive-going ERP shift between 400 and 700 ms (identity), and 500 and 700 ms (position), with an amplitude difference of about 1.5 mV. ERP effects driven by changes in identity started at central leads (Cz, P = 0.036 between 400 and 500 ms) and extended to parietal positions (Cz, Pz, P3, P4, P < 0.04 between 500 and 700 ms). Position changes evoked a more widespread effect (main effect/position change, P < 0.039 between 500 and 700 ms) which was most pronounced at parietal sites.
At epoch T±2, two images before the overt response, ERPs from identity changes and their presentation-matched controls were no longer signi®cantly different. In contrast, a signi®cant positive amplitude shift was still observed for position changes. Now restricted to central parietal and occipital leads (Fig. 4) , the difference, already slightly expressed between 300 and 400 ms, increased signi®cantly from 500 to 700 ms (interaction/position change Q electrode site, P = 0.004; Pz and Oz, P < 0.035). ERPs evoked at the ®rst presentation of a modi®ed stimulus were analysed separately in order to examine an immediate effect of the local mismatch. Excluding all trials in which the ®rst change was detected, signi®cant differences were neither seen between the two experimental conditions, nor between the experimental and control conditions. We could not analyse separately the ERPs at T±3 because T T FIG. 4 . Grand average ERPs (n = 12 subjects) preceding the overt detection (T±1, T±2) recorded at central (Cz), parietal (Pz) and occipital (Oz) leads. Effects of identity change (A±AI), position change (A±AP) and the control condition (A±A) are contrasted. The left hand trace refers to the ERP effects obtained at T±2, and shows that the positive shift starting at 500 ms and extending for 200 ms is already signi®cantly expressed for position changes at parietal and occipital leads. At T±1 (right hand trace), the positive ERP shift extends to centroparietal leads, and can be found for identity changes, as well.
this epoch corresponded to the ®rst change in the majority of cases (mean time to overt detection, 4.10 images); the remaining traces (14 per condition) were insuf®cient to compute a reliable average ERP.
Comparison of ERPs recorded when the observers did not notice a local change either because there was none (control condition, A±A), or because they missed it (experimental condition, A±AI, A±AP, grouped), indicated no differences in mean ERP amplitude between correct rejections and misses; instead, an effect of temporal position was present for both (Fig. 5) . The amplitude of the sustained positivity was signi®cantly diminished in the ®nal ®ve presentations as compared to the ®rst ®ve in any given trial. The onset of this effect which was expressed at all electrode leads was at about 300 ms following image onset for the control condition (A±A, main effect/ temporal position P < 0.025 between 300 and 600 ms). For the experimental conditions (A±AI & A±AP, combined) the negative shift was predominantly found at centroparietal leads with a slightly later onset (interaction, temporal position Q electrode site P < 0.047 between 400 and 700 ms). The negative-going ERP shift obtained for correct rejections and misses appears to be inversely related to the effort of controlled visual search as subjects tend to decrease controlled rechecking with increasing number of presentations .
Discussion
The ERP data show that: (i) a long positive shift reaching its maximum amplitude around 400 ms after stimulus onset characterizes the epoch during which the changed item is detected; (ii) a similar positivity of smaller amplitude is present in the epochs preceding detection; (iii) no such positivity is seen in trials in which no change is detected, either because there was none (A±A) or because the subjects missed it; (iv) the positivity linked to overt detection occurs one image before detection of identity, and as early as two images before detection of position changes and (v) changes in position are nevertheless detected earlier than those in identity, and more frequently preceded by a`sensing' of a change.
(i) The ®rst ®nding indicates that a successful visual search in a change blindness paradigm is concluded with a P3 response (Donchin & Coles, 1988) . In line with previous ERP studies on delayed visual recognition (Pietrowsky et al., 1996; Viggiano & Kutas 2000) we assume that the positive complex indicated the target's identi®cation.
(ii) Second ®nding. A late positivity is seen one or two images before detection is reported. It cannot re¯ect a readiness or motor preparation potential because they are re¯ected in a sustained negative wave at frontocentral sites (for review, see Brunia, 1993 ), whereas we obtained transient positive waves at posterior leads (see Figs 3 and 4) . Another explanation of the positivities appearing before detection is that subjects gradually build up con®dence, and indeed such changes were found to be expressed in the amplitude of the P3 (Wilkinson & Seales, 1978) . However, both the subjects' introspective reports of sudden detection and the rare indications of sensing' in the control experiment designed to test this suggestion render this hypothesis unlikely. The sensing occurred rarely at T±1 (16.2%), and hardly at all at T±2 (2.2%), so that averaged ERP traces would be hard pressed to express such small behavioural effects. Furthermore, an increase in the subjects' con®dence would predict an increase in the ERP amplitude but not a topographical shift of the slow positivity as obtained for position changes between T±2 and T±1 (Fig. 4) .
Clearly, the result implies that the brain detects the change considerably earlier than the observer. It is, therefore, possible that the information re¯ected in this potential is used to guide focal attention to the position of the changing item. The ®nding that prominent changes are detected more effectively than smaller one (Smilek et al. 2000) agrees with this hypothesis.
We assume that the slow positive shift re¯ects the brain's detection of a local mismatch between a presently given image and memorized contextual information which initiates the re-direction of focal attention and thereby promotes overt localization. This interpretation FIG. 5 . Grand average ERPs (n = 12 subjects) recorded at parietal electrode position Pz for trials without explicit change detection within ®ve cycles. The left hand trace shows the control condition (A±A, correct rejections), and the right hand trace the grouped experimental conditions (A±AI and A±AP, misses). ERPs are compared according to when in the series they were recorded (®rst half of the sequence, presentation 1±5, solid line; second half of the sequence, presentation 6±10, dotted line). For both correct rejections and misses the negative ERP amplitude increased signi®cantly between 400 and 600 ms. The grey bar indicates the period during which the differences between the conditions are signi®cant at P < 0.05 (ANOVA).
further agrees with the assumptions made by Chun & Nakayama (2000) , that memory traces which need not be consciously available interact with the deployment of focal attention and eye movements. The accumulated information is also assumed to mediate contextual cueing (Chun & Jiang, 1998) . Here, the predictive context of invariant targets, i.e. spatial location or object identity, is implicitly encoded. In subsequent encounters, this contextual information is activated quickly and automatically to guide focal attention towards task-relevant targets. This mechanism should facilitate the interaction with scenes and environments one encounters every day, such as one's of®ce desk.
However, the ERP positivity which we associate with a mismatch detection is not elicited automatically by a local change; otherwise, it should be seen in the traces from trials in which the subjects missed a change. It therefore belongs to the class of P3-like effects which have been shown to be diminished ± or even absent ± if the subject is not aware of the presentation of a relevant stimulus (e.g. within aǹ attentional blink', Vogel et al., 1998) , or if its previous encoding failed (e.g. masked repetition priming, Schnyer et al., 1997) .
(iii) Third ®nding. ERPs did not differ between trials in which the change was missed and control trials. Thus, our data does not substantiate earlier psychophysical ®ndings indicating implicit change detection in a forced-choice procedure (Fernandez-Duque & Thornton, 2000) . Contrasting ®ndings have been reported by Mitroff & Simons, 2000) who removed a small object from a natural scene to reinsert it after the screen¯icker, and asked their subjects to move the mouse onto a position they guessed or knew to contain the change. Mitroff & Simons (2000) found evidence for an increasing proximity of the guessed and the real change position only during the last presentation preceding the overt detection. Although this could be seen as evidence for implicit processing of change position, the authors argue that it might as well or better be explained by the subject's happening to guess close to the change's position, having excluded various others during the ongoing search process. According to our interpretation of the present ERP data, the increasing proximity to the target might be mediated by the mismatch detection process guiding focal attention to the target position.
(iv), (v) Fourth and ®fth ®ndings. The slow ERP positivity we assume to re¯ect mismatch detection is differentially affected by changes in position and identity. Mismatches in position induced a gradual spread of the positivity which at T±2 was seen at posterior electrodes (effect size about 1.0 mV), and included all electrode leads one frame before the overt response (effect size about 2.2 mV). In contrast, changes in identity elicited signi®cant effects only at T±1. The behavioural data showed that position changes are spotted earlier (4.8 s vs. 5.6 s for identity), and were more frequently accompanied by a`sensing' of a change (34.4% vs. 24.4% for identity). They agree with a previous report demonstrating that for a restricted number of objects (n < 5) and a prolonged presentation time (2 s) memory for spatial con®guration remains perfect in contrast to memory for identity (Simons, 1996) .
Despite earlier and better detection of position changes, our ERP data show that the slow positivity begins earlier, at T±2, for position changes. It is conceivable that this apparent contradiction is related to differences between the visual cortical streams processing the two types of changes. Position changes are likely to be mediated by the dorsal visual stream primarily involved in visuomotor control. Clinical studies on neurological patients have shown that this information is less readily available to awareness (Benson & Greenberg, 1969; Goodale & Milner, 1992) compared to object information which is processed in the ventral visual stream. The differences in`sensing' a change obtained in our behavioural experiment can be related to the different accessibility of these two types of information.
It is important to note that the ERP positivity is unlikely to be a genuine correlate of the ventral or dorsal processing stream but rather attached to a later comparison mechanisms. Its characteristics are assumed to rely on their differential output of the visual pathways which are the basis of a continuing comparison process. Following Rensink (2000a, b) , position changes are likely to favour a nonattentional layout system which persists over brief temporal gaps, whereas object information is held in a capacity-limited attentional system.
Conclusion
All in all, the ERP data do not favour a strict top±down visual search mechanism. Rather, a bottom±up process facilitates detection, even though ERP effects are not automatically triggered by a local change in the display. The presence of an ERP response preceding the overt response by an order of seconds indicates that the neuronal representation of the image is not simply wiped out by the screen icker: change blindness does not imply the loss of the internal representation between presentations, but a restricted access to the spotlight of attention.
